between glycolysis and mitochondrial respiration depending on the type of radiation they were exposed to. We observed enhanced glycolysis and mitochondrial respiration in HeLa cells exposed to 2-Gy X-ray and 2-Gy carbon ion radiation, respectively. This discovery may provide novel insights for tumor therapy.
Introduction
Cancer cells demonstrate a high level of aerobic glycolysis even in the presence of ample oxygen, which is called Warburg Effect. Glycolysis, which is highly conserved in evolution process, is the source for ATP and intermediates for amino acids, lipids and nucleotides in proliferating cells 1, 2 . Aerobic glycolysis has now been generally accepted as a hallmark of cancer. Therefore, many studies have proposed therapeutics against tumor metabolism by altering aerobic glycolysis to inhibit the growth of cancer cells [3] [4] [5] [6] [7] . Many studies have focused on regulators of the Warburg effect, and some regulators have been found to be able to reverse the Warburg effect, which is an important finding for tumor therapy. For example, PKM2, NF-κB, and
Park2 genes could induce switching from glycolysis to mitochondrial respiration in cancer cells 4, 8, 9 . Therefore, we assessed whether this switching in cancer cells could be induced by other environmental stimuli.
In this study, we noted an interesting phenomenon wherein cancer cells alternated between glycolysis or mitochondrial respiration depending on the dose and type of radiation. We observed that HeLa cells exposed to 2-Gy X-ray and 2-Gy carbon ion radiation showed enhanced glycolysis and mitochondrial respiration, respectively. A high rate of glycolysis might be associated with cellular radioresistance 10 and hypoxia accelerates the growth of cancer 11 . Even though radiotherapy is one of the major and the most valuable means for cancer treatment, to the best of our knowledge, there is no report on the energy metabolism alternation of cancer cells exposed to ionizing radiation so far.
In this study, a precise quantitative measurement, stable isotope labeling with amino acids in cell culture (SILAC) combined with two-dimensional liquid chromatography-tandem mass spectrometry (2D-LC-MS/MS) shotgun proteomics [12] [13] [14] [15] , was employed to investigate the response of energy metabolism in HeLa cells exposed to different types of radiation by focusing on metabolism proteins involved in glycolysis, pentose phosphate pathway, tricarboxylic acid (TCA) cycle, oxidative phosphorylation, and fatty acid metabolism. We also measured the levels of ATP and lactic acid with biochemical methods and the expression of key factors with Western blot in HeLa cells after the irradiation exposures. All the results imply that the energy metabolism ways in cancer cells in response to ionizing radiation were radiation type dependent.
Result Protein identification and quantification
In order to improve the reliability of SILAC experiment, two biological replicates and two technological replicates were applied. With stringent criteria for peptide identification, the false discovery rate (FDR) was controlled below 5%. After filtering using default criteria, 1,088 proteins with two or more assigned unique peptides were identified in 2 Gy carbon-ion irradiated cells (Supplementary Dataset 1) and 1,157 proteins in 2 Gy X-ray irradiated cells (Supplementary Dataset 2).
Significant changes in protein expressions were defined as a ratio of ≥ 1.50 or ≤ 0.67.
The overlap proteins were classified by PANTHER Classification System ( http://www.pantherdb.org) 16 and the classification results were shown in Figure 1 , which indicates that the metabolic process, especially energy metabolism, is intensively influenced by ionizing radiation and many key factors involved in metabolic pathways are up-regulated ( Figure 2 ). proteins, down regulated proteins and unchanged proteins ( Table 1) .
Data processing
As shown in Figure 3 and Supplementary dataset 3, the overlapping proteins among the two kinds of irradiated samples 1 h after exposure to irradiation (2 Gy carbon-ion and 2 Gy X-rays) were involved in all the 6 categories of energy pathways ( Figure 3A) . We found that the expression of proteins involved in glycolysis were higher in cells irradiated with 2 Gy X-rays than that in cells irradiated with 2 Gy carbon-ion, while the levels of TCA cycle proteins remained unchanged ( Figure 3B ).
Proteins involved in oxidative phosphorylation were increased in both 2 Gy X-rayand carbon-ion-irradiated samples ( Figure 3B ). A tendency of increase in the proteins involved in oxidative phosphorylation was observed but there was no significance ( Figure 3B and Supplementary dataset 3).
Expression of energy-metabolism-related proteins
PKM2 and LDHA play a vital role in aerobic glycolysis within cancer cells. The serine/threonine kinase Akt is closely associated with aerobic glycolysis of cancer cell.
Akt stimulates glucose consumption in transformed cell without affecting the rate of oxidative phosphorylation 25 . Besides, recent research reports that the balance between the utilization of glycolysis and mitochondrial respiration is regulated by NF-κB 9 . Therefore, these proteins were selected for validating MS dataset and inferring mechanism of energy metabolic alternation. Western blot analysis ( Figure 4) showed that the expression levels of PKM2 and LDHA were basically identical with SILAC results (Table 2) . LDHA was significant up-regulated in 2 Gy X-ray-irradiated cells but remained unchanged or down-regulated in 2 Gy X-ray-or carbon-ionirradiated cells. Akt and NF-B were transcript factors that were difficult to be detected by MS due to their less abundance. Basing on Western blot analysis we found that Akt was significantly down-regulated in 2 Gy X-ray-irradiated cells but unchanged in 2 Gy carbon-ion-irradiated cells. NF-B was significantly down-regulated in 2 Gy carbon-ion-irradiated cells but remained unchanged in 2 Gy X-ray-irradiated cells.
Alternation of ATP level and lactic acid level
The levels of ATP and lactic acid, the end-products of different energy metabolic pathways, were measured in order to confirm the observations of the changes in energy metabolism in response to ionizing radiation. ATP levels in two different treatments were significantly increased (p<0.05) compared to sham control ( Figure 5 ).
In the cells irradiated with 2 Gy X-rays, the lactic acid level was significantly increased after irradiation (p<0.05), while lactic acid levels in the 2 Gy carbon-ion treatments were not significantly different from the sham control ( Figure 6 ).
Discussion
The energy metabolism pathways of cancer cell have attracted much attention in cancer therapy research in recent years and several therapeutic strategies have been developed to target energy metabolic pathways by inhibiting glycolysis. In this paper, we revealed that heavy ion beam, an advanced technique for curing cancer, and high dose of X-rays drastically altered the energy metabolism pathways of cancer cells.
Tumor cells show a markedly elevated rate of glycolysis and lactate production, even in the presence of oxygen 26 . Based on our data, most glycolysis proteins significantly increased in cells exposed to 2 Gy X-rays ( Figure 3B ), however, the expression levels of these proteins remained unchanged in cells exposed to 2 Gy carbon beam ( Figure   3B ). Moreover, levels of glycolysis proteins in 2 Gy X-ray-irradiated cells showed an increasing trend as compared to those in 2 Gy carbon-ion-irradiated cells. Another report also suggested that increased glycolysis is induced by radiation of 2.5 Gy Gamma ray 27 . Additionally, lactate production in 2 Gy X-ray-irradiated cells was significantly increased as compared to the control ( Figure 6 ). At 1 h post-irradiation, 2
Gy X-rays showed elevated glycolysis and thus increased production of ATP and lactic acid ( Figures 3B and 6 ). But lactic acid levels remained unchanged in the cells exposed to 2 Gy carbon-ion irradiation.
PKM2 and LDHA are key regulatory enzymes involved in glycolysis in cancer cells. Previous studies show that PKM2 and LDHA expressions are important for tumor growth 4, 6 . PFK is associated with pentose phosphate pathway and is essential for tumor growth 28 . In the proteomic and Western blot data of this study, we found that LDHA levels remained unchanged in the cells exposed to 2 Gy carbon beam ( Figure 3B and Figure 4 ), but was up-regulated in the group just exposed to 2 Gy X-ray irradiation ( Figure 3B and Figure 4 ). From Western blot analysis and SILAC experiment, PKM2 has up-regulated trend in two treatments. The pentose phosphate pathway seems to be essential in cancer cells, because of its key role in synthesizing ribose-5-phosphate (R5P), which is a vital resource for synthesis of nucleotides and nucleic acids 29 . Previous research demonstrates that xylulose-5-phosphate leads to the activation of the transcription factor ChREBP that regulates energy metabolism and fat synthesis 30, 31 . Moreover, Transaldolase (TALDO1), glucose-6-phosphate (G6PD) and transketolase (TKT), which are considered to be crucial proteins for cancer cell growth 32 , were up-regulated post-irradiation in 2 Gy X-ray-irradiated cells ( Figure   3B ). Some researcher believed that blocking R5P production could provide a better therapeutic window than that shown by previous anti-metabolic therapies 33 .
Additionally, the up-regulated G6P and TKT were necessary for tumor proliferation 34, 35 . The result of different change of two treatments in pentose-phosphate pathway indicated that 2 Gy carbon-ion might be better strategy in radiotherapy.
Proteins involved in the TCA cycle and oxidative phosphorylation were mainly up-regulated after irradiation in 2 Gy carbon beam-irradiated cells ( Figure 2 and Figure 3B ). These pathways are active in the mitochondria. Although it is not clear whether the Warburg effect is induced by mitochondrial dysfunction 6,19,26,36-38 , our work showed that at least in HeLa cells the mitochondria can increase ATP production under radiation stress. On the other hand, mitochondrial pyruvate is decarboxlated to acetoin, which inhibits tumor pyruvate dehydrogenase (PDH) 39, 40 . It has been described that pyruvate is decarboxylated to an active acetaldehyde through a "non-oxidative" reaction catalyzed by PDH. A decrease in pyruvate oxidation and inhibition of PDH would affect oxidative phosphorylation. We found that the PDHB was remained unchanged at 1 h in all two treatments.
At 1 h after exposure to 2 Gy X-ray irradiation, HeLa cells generated ATP accompanied with increased lactate production. However, HeLa cells exposed to 2 Gy carbon beam did not demonstrate increased lactate production. These data indicated that HeLa cells did not generate more ATP at 1 h after exposure to 2 Gy X-ray irradiation via oxidative phosphorylation. Additionally, the expression of NF-B was elevated with western blot assay in 2 Gy carbon-ion. In recent report, the researchers discover that NF-B stimulates oxidative phosphorylation through up-regulation of cytochrome c oxidase 2 (SCO2) 9 . We inferred that 2 Gy carbon-ion produced more ATP from oxidative phosphorylation.
Both glucose and glutamine are substrates preferentially consumed by fast-growing tumor cells 41, 42 . Previous studies have demonstrated that in HeLa cells, the ATP demand is supported by the aerobic oxidation of both glucose and glutamine 42, 43 Additionally, we investigated the expressions of Akt and NK-κB, which are considered as regulators for the alternation in energy metabolism. It has been reported that the inhibition of Akt could repress tumor growth 35 . We found that Akt was significant down-regulated in 2 Gy X-ray-irradiated cells. Additionally, we observed the significantly up-regulated NK-κB in 2 Gy carbon-ion-irradiated cells ( Figures 3A   and 3B ). NK-κB has been reported as a regulator of mitochondrial respiration 9 . We inferred that the alternation in energy metabolism induced by radiation might be associated with these two regulators. Nevertheless, the correlation between these two factors and the radiation-induced energy metabolic alteration remains unclear and deserves further investigation.
In summary, for the first time we found that HeLa cells exposed to 2 Gy carbon beam did not demonstrate the typical behavior of enhanced glycolysis of generating ATP according to the Warburg effect just like the cells exposed to 2 Gy of X-rays.
Both proteomic data and Western blot analysis indicated that the levels of glycolysis-related proteins were mainly unchanged whereas the levels of proteins involved in oxidative phosphorylation were mainly up-regulated. Therefore, we believe that this study reveals a mechanism underlying high outcome of tumor treatment with heavy ion beam and might inspire novel strategy targeting energy generation in tumor radiotherapy. Furthermore, the biological effect of exposure to 2-Gy carbon ion radiation was similar to that of exposure to 4-Gy X-ray radiation ( Supplementary Fig). Although the effects of the 2 types of radiation were similar, we found that exposure to 4-Gy X-ray radiation led to more harmful side effects than exposure to 2-Gy carbon ion radiation did.
Materials and Methods

Cell culture
Human cervical carcinoma HeLa cell line was kindly provided by Qingxiang 
Gao (Lanzhou University
)
Protein extraction and digestion
Cells were washed twice with PBS and lysed in 8 M urea before sonicated at 4C.
After centrifugation for 30 min at 20,000 g, the supernatants were collected and kept at -80°C for analysis. Protein concentrations were measured using the Bradford method 49 .
2D-LC-MS/MS analysis
The peptide mixtures were analyzed by 2D-LC coupled to a LTQ-OrbiTrap mass spectrometer (Thermo Electron, San Jose, CA, USA). For each experiment, the peptide mixtures (from 100 g proteins) were pressure-loaded onto a biphasic silica capillary column (250um id) packed with 3 cm of reverse phase C18 resin One MS survey scan, with mass range 400-2000 m/z, was followed by five MS/MS scans. All tandem mass spectra were collected using a normalized collision energy (a setting of 35%), an isolation window of 2 Da, and 1 micro-scan. All searches were performed using a precursor mass tolerance of 3 Da calculated using average isptopic masses, Fixed modification was set for cysteine with the addition of 57.052 Da to represent cysteine carboxyamidation. Variable modification was set for methionine oxidation with the addition of 15.999 Da to represent methionine oxidation. Enzyme cleavage specificity was set to trypsin and no more than two missed cleavages were allowed 49 .
Data analysis and bioinformatics
Resulting data were collected using the Xcalibur data system (ThermoElectron, Waltham, MA, USA) and was interpreted using the SEQUEST algorithm of Bioworks 
ATP measurements
Following irradiation and subsequent incubation for 1 h at 37C, cells were washed thoroughly with 0.9 % sodium chloride solution, harvested by centrifugation, resuspended in distilled water and then lysed in ice water using an ultrasonic cell disrupter (Sonics, Newtown, CT, USA). Sonication was performed 4 times for 10 s each time with a 30 s pause between sonication bursts. Then, the lysate was boiled for 10 min in a boiling water bath, cell debris was removed by centrifugation at 4000 rpm for 10 min, and the ATP levels in the supernatant were measured using an ATP determination kit (Nanjing Jiancheng, Nanjing, China). The total protein concentration in the cell lysates was assayed using a BCA protein assay kit (Pierce, Rockford, IL, USA).
Lactic acid measurements
Lactate production was measured using an enzymatic kit (Nanjing Jiancheng) by following the manufacturer's instruction. These results were normalized by cell counts. Briefly, NAD + was added to media and stoichiometrically converted to NADH by lactate in the media. The levels of NADH were then quantified colorimetrically, as described by the manufacturer.
Western Blot analysis
A standard protocol as described 52 was followed. Antibodies to pyruvate kinase isozyme M2 (PKM2) (sc-365684), nuclear factor kappa B (NK-κB) (sc-33039) and lactate dehydrogenase A (LDHA) (sc-27230) were purchased from Santa Cruz
Biotechnology. Anti-AKT (9272) antibodies were purchased from Cell Signaling
Technology.
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